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Abstract 10 
The production of sewage sludge charcoals under N2 and CO2 as torrefaction atmosphere and their 11 
subsequent combustion was compared in this work. The experiments were carried out in a 12 
Thermogravimetry-Infrared Spectrometry (TGA-FTIR)  analyser and a laboratory scale furnace. High 13 
temperatures (230-480
o
C) were considered in order to study the removal of N- and S-compounds, one 14 
of the main concerns for the thermal valorisation of sewage sludge. Torrefaction treatment at 330
o
C 15 
under N2 produced a charcoal with a 34% reduction in weight. The release of SO2 during the 16 
combustion of this charcoal was negligible and the release of NH3 and COS was reduced by half (46% 17 
for NH3 and 52.5% for COS) compared with the combustion of raw sewage sludge. The pollutant 18 
removal improved with torrefaction temperature and the charcoal produced at 480
o
C released a 19 
negligible amount of NH3, COS and SO2 during combustion. The CO2 used as torrefaction 20 
atmosphere exhibited a reactive behaviour in the FTIR-TGA analyser, increasing the weight loss rate 21 
and shifting the characteristic degradation peak to a temperature around 7
o
C lower. Besides, the 22 
charcoals produced under CO2 exhibited a less reactive behaviour. Overall, the results here presented 23 
prove that the CO2 influences slightly the torrefaction mechanisms and the properties of the sewage 24 
sludge charcoals produced. 25 
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1  Introduction 1 
Production of sewage sludge worldwide is expected to continue increasing due to industrialization and 2 
urbanization. Thus, disposal of sewage sludge has become one of the main concerns of modern 3 
societies. Currently, the major disposal routes are agricultural valorisation, land filling and 4 
incineration. In particular, disposal methods employed by the wastewater treatment plants surveyed in 5 
South Africa are still dominated by on-site disposal methods (direct land application and stockpiling 6 
of the sludge on site) and the beneficial use of sewage sludge is still limited [1]. 7 
Sewage sludge is a heterogeneous biomass, rich in carbon, nitrogen and phosphorous and with a 8 
relative high heating value, between that of brown coal and that of bituminous coal [2, 3]. 9 
Thermochemical treatment of sewage sludge, such as combustion, gasification or pyrolysis, enables 10 
the removal of organic pollutants and pathogenic organisms, leading to a remarkable volume 11 
reduction of waste [4-6] and, at same time, allows for the recovery of the sludge value (energy and 12 
matter content). These processes become more efficient when preceded by an up-grading of fuel pre-13 
treatment, such as torrefaction. This involves the heating of biomass at moderate temperature 14 
(<300
o
C) under an inert atmosphere. 15 
Torrefaction has been proved to improve the biomass properties with respect to the density and the 16 
specific heating value, moisture and grindability [7, 8]. The carbon-rich material obtained, called 17 
charcoal, is a high energy value material with a relative high heating value. Besides, in the specific 18 
case of sewage sludge, a low temperature pre-treatment (<500
o
C), such as torrefaction, can remove 19 
from the solid fuel N- and S-pollutants precursors [9], limiting considerably the pollutant concerns 20 
related to this biomass.  21 
Based on these considerations, sewage sludge derived charcoal can be considered as a sustainable 22 
partial substitute for coal. In the specific case of  South Africa, one of the 20
th
 largest fossil-fuel CO2 23 
emitting countries, around 94% of the electricity is produced from coal [10]. Coal power plants, apart 24 
from CO2, are also mainly responsible for other emissions, such as SO2, NOx, particulate matter and 25 
metals, which causes smog, acid rain, toxic air pollution and global warming. Charcoal produced from 26 
sewage sludge is a CO2-neutral (as other waste-to-energy process) and affordable alternative to fossil 27 
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fuels and might be the key to reduce the South African emissions, as pledged in the Copenhagen 1 
Accord (January 2010) and stated in the Integrated Resource Plan (IRP2010) [11]. Moreover, 2 
torrefaction could beneficiate from CO2 recycling as a process carrier gas, promoting the generation 3 
of carbon-negative power and thus playing a role in greenhouse gas CO2 mitigation.  4 
The use of CO2 as carrier gas during torrefaction has been scarcely studied [6, 12-14]. The reactivity 5 
of CO2 at low temperature (<500
o
C) is usually considered negligible. However, in a previous study 6 
[12] the yields and composition of the products (char, liquid and gas) obtained by pyrolysis of 7 
switchgrass at low temperatures (300-500ºC) under N2 and CO2 were different. A significantly lower 8 
liquid yield was observed at 300°C in CO2 atmosphere in comparison with N2 atmosphere, which was 9 
reflected in the char volatile content being higher under CO2 and within the elemental composition of 10 
the solid and liquid products. CO2 also showed an effect at 500°C, where liquid and gas yields 11 
significantly reduced and increased, respectively. A significant ash content reduction with respect to 12 
original biomass was observed only in the CO2 environment, suggesting that CO2 may affect the 13 
inorganic content and subsequently the feedstock conversions since some feedstock inorganic 14 
elements are known to play a catalytic role along these reactions. 15 
The torrefaction (<300 ºC) of woody biomass in N2 and CO2 atmospheres was previously studied [13, 16 
14] obtaining a higher weight loss, and lower carbon content and high heating value (HHV) under 17 
CO2 atmosphere. However, CO2 increased the surface area of particles and improved grindability of 18 
biomass. It was suggested [14] that this is due to more volatile matter released through small voids 19 
created on the surface due to small amounts of carbon reacting with CO2. 20 
Finally, a previous study [15] combined torrefaction and burning of the volatiles produced by 21 
chemical looping combustion. Torrefaction of woody biomass was carried out at 260 and 300ºC in N2 22 
or in a mixture of steam-CO2 atmospheres. The authors did not observe a clear influence of the 23 
atmosphere on the charcoal yield. However, samples torrefied under steam-CO2 had a carbon content, 24 
HHV and energy yield slightly higher than those torrefied in a N2 environment.  25 
 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
 
 
4 
 
The disagreements in these torrefaction studies might be due to the different composition of biomass 1 
studied, particularly differences in ash content (mineral matter). In fact, torrefaction temperature is not 2 
high enough and so CO2-solid reactions remain relatively slow. However, mineral matter could 3 
influence the kinetics and favour the carbon conversion. All the works here presented deal with CO2-4 
torrefaction of woody biomass. Data on CO2-torrefaction of wastes, such as sewage sludge was not 5 
found in previous studies. 6 
Sewage sludge torrefaction has been normally studied under N2.The properties of sewage sludge 7 
charcoal produced by N2-torrefaction depend mainly on the torrefaction temperature, and to a lower 8 
extent on the residence time and the heating rate [16-19]. The temperatures studied were mostly 9 
below 300
o
C.  Higher temperatures involve a higher loss in charcoal mass yield. However, a study on 10 
staged  gasification [9] proved that when sewage sludge was treated at 530ºC, about 70 and 86% of 11 
the initial nitrogen and sulphur content were removed, while about 40% of the initial carbon content 12 
remained in the charcoal. Nitrogen and sulphur contents in sewage sludge are one of the major 13 
concerns for its thermochemical valorisation. Sewage sludge torrefaction needs an overall upgrading 14 
approach, focusing not only on increasing the charcoal energy density but also on limiting the 15 
pollutant precursors. Thus, in order to upgrade this sustainable fuel, higher torrefaction temperatures 16 
(above 300
o
C) need to be considered for sewage sludge charcoal production.  17 
The present research attempts to fill important gaps in the present body of knowledge on sewage 18 
sludge torrefaction and its subsequent thermal valorisation. The main focuses were: 1- investigating 19 
the effect that CO2 has upon the torrefaction of sewage sludge and 2- determining the optimum 20 
torrefaction temperature resulting in an overall upgrading of this fuel (higher heating value and lower 21 
content of nitrogen and sulphur). For this purpose, thermogravimetric analysis coupled with infrared 22 
spectrometry of the gas evolved (TGA-FTIR) was used to compare torrefaction experiments under N2 23 
and under CO2. Besides, combustion tests were carried out on the charcoal produced, in order to 24 
analyse their thermal behaviour and evaluate the gas produced.  25 
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2 Materials and Methods 1 
2.1 Characteristics of the sewage sludge studied 2 
The sewage sludge was sampled from the East Rand Water Care Association (ERWAT) 3 
Hartebeestfontein waste water treatment plant (WWTP) with a treatment capacity of 50 megalitres per 4 
day (50 ML/day). The WWTP receives a mixture of domestic and industrial wastewater at a ratio of 5 
approximately 60% (domestic) to 40% (industrial). The sludge was anaerobically digested and air 6 
dried in sludge beds. The same sample was used to study the thermal decomposition of sewage sludge 7 
as well as the extraction and precipitation of phosphorous in two previous works [20, 21]. The dried 8 
samples were crushed using a pestle and mortar and sieved to obtain particles with a size below 100 9 
µm. Table 1 shows the proximate, elementary, calorific (e2K Combustion Calorimeter) and x-ray 10 
fluorescence (XRF) analyses results (Rigaku ZSX Primus II equipped with a Rh X-ray tube, running 11 
at 30 kV).  12 
As it can be observed in Table 1, the organic matter represented 57% of the dry mass, while the 13 
remaining 43% was ash. The sewage sludge was rich in Si, P, Al, Ca and Fe (38, 14, 12, 11 and 10 14 
wt% of dry matter (d.m) respectively, expressed in their oxide form, and related to all the elements 15 
detected). Heavy metals such as Zn, Cr, Cu, Pb or Ni were also present in the sewage sludge. The 16 
most abundant heavy metal was Zn, with levels of 1.4 % wt d.m. of ZnO.  17 
 18 
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Table 1: Proximate, elementary, specific heat capacity and XRF chemical (elements detected are 1 
expressed in their oxide form, and related to all the elements detected) analysis of sewage sludge. 2 
 Proximate analysis (wt % d.m.) Elementary analysis (wt % d.m.) HHV (MJ/kg) 
 Organic matter Ash C H N S  
 
     57 
 
43 26.6 4.11 3.3 1.06 11.43. 
Oxide % mass Oxide % mass Oxide % mass Oxide % mass 
SiO2 37.94 MgO 2.04 Cl 0.37 NiO 0.06 
P2O5 14.19 K2O 1.65 Cr2O3 0.23 ZrO2 0.06 
Al2O3 12.02 ZnO 1.41 CuO 0.15 SnO2 0.03 
CaO 11.48 TiO2 1.19 BaO 0.15 Br 0.02 
Fe2O3 10.78 MnO 0.53 PbO 0.09   
SO3 5.10 Na2O 0.39 SrO 0.07   
2.2 TGA-FTIR experiments 3 
Torrefaction experiments under N2 and CO2 were carried out in a TGA 4000 – Spectrum 100 FT-IR 4 
with TL-8000 Transfer Line (Perkin Elmer). Crushed particles were small enough (size below 100 5 
µm), thus internal diffusion effects were considered negligible. The temperature inside the sample 6 
compartment was continuously measured and controlled by a thermocouple placed at a short distance 7 
above the sample. The weight change was continuously recorded during the experiments.  8 
The sample compartment was continuously fed by 20 ml/min of carrier gas: inert N2 or a mixture of 9 
75% vol of CO2 – 25% vol of N2 during the sewage sludge torrefaction tests and air during the 10 
charcoal combustion tests. Besides, a continuous flow of 30 ml/min of N2 purged the balance 11 
compartment in order to maintain the temperature inside and avoid damages (protection gas). A 12 
vacuum pump assured the passage of gases through the FTIR cell and a volumetric flowmeter 13 
controlled the aspiration flow at 55 ml/min. 14 
The torrefaction-combustion experiments started by a stabilization step at 70°C for 5 min. Then, the 15 
torrefaction step was carried on at different torrefaction temperatures (Tt): 230, 280, 330, 380, 430 or 16 
480 
o
C. These two steps were performed under the studied carrier gas- inert N2 or CO2 (75%vol). 17 
Following the torrefaction experiments, the carrier gas was switched to air and the heating continued 18 
to 900°C at 50°C/min, in order to study the combustion behaviour of the charcoals produced. The 19 
detailed heating program included the following steps:  20 
 Torrefaction- carrier gas: N2 or CO2 (75%vol) 21 
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1) heating up from 50°C to 70°C at 10°C/min  1 
2) holding on for 5 min at 70°C for balance stabilization 2 
3) heating up from 70°C to Tt (230, 280, 330, 380, 430 or 480 °C)  at a heating rate of 20 3 
°C/min 4 
4) holding on for a residence time of 15 min at Tt to study the torrefaction process 5 
 Combustion- carrier gas: air 6 
5) heating up from Tc to 900°C at 50°C/min  7 
6) holding on for 5 min at 900°C 8 
A combustion experiment was also performed on raw sewage sludge for comparative purposes. The 9 
raw sewage sludge was heated up from 70 to 900
o
C at 50
o
C/min under air without previous 10 
torrefaction. Besides, some experiments were performed on an empty crucible for the different 11 
atmospheres studied in order to measure the effects of buoyancy, which were negligible. All the 12 
experiments were conducted in triplicates, and the results were averaged. 13 
The TGA can perform an accurate analysis of small samples of sewage sludge. However, in order to 14 
assure the detection of gaseous compounds produced a minimum amount of initial sample is 15 
necessary. The recommended amount of initial sample, considering previous experiments performed 16 
in the same installation, was 25 mg of initial weight. This amount ensured the best compromise 17 
between low diffusion effects in the bed of particles and detectable production of gas compounds. 18 
The gas produced in each experiment passed through a heated line (250°C), thus avoiding 19 
condensation, before being analysed online by the FTIR. The producer gas was analysed every 10.3 20 
seconds (1 counts per measurement, with a resolution of 2 cm
-1 
and a scan speed of 0.2 cm/s). 21 
Previously to the experiments, the FTIR background was determined using the studied carrier and 22 
protection gas as background gas. 23 
Given the complexity of spectral data (several compounds with different behaviour) the mixture 24 
spectra matrix was treated with the SIMPLISMA algorithm (SIMPLe-to-use Interactive Self-25 
modelling Mixture Analysis [22]), included in the ‘purity’ function of SOLO (Eigenvector Research 26 
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software). The SIMPLISMA approach was previously used to follow the gas evolution during the 1 
thermal treatment of SS by FTIR coupled with Thermo Gravimeter [9, 23, 24]. 2 
2.3 Laboratory furnace experiments 3 
The most promising torrefaction temperatures were also tested in a laboratory scale furnace. 4 
These tests were necessary in order to study the properties of the charcoals produced (elemental 5 
analysis and High Heating Value). 6 
This furnace consisted of a Elite Lenton furnace (Model: TSH12/38/500-2216E) coupled 7 
with a Eurotherm 2216e temperature controller and a quartz reactor. The furnace’s elements 8 
heat the quartz reactor placed horizontally and containing the sample under investigation. A 9 
rectangular crucible was weighed before it was filled with approximately 3 g of sewage 10 
sludge sample measured to the nearest 0.01 g. The sample was carefully put at the centre of 11 
the quartz reactor before inserting the reactor in the furnace.  12 
The gas supply (N2 or CO2) was controlled by a multi Gas Controller 647C which 13 
assured a continuous flow of 100 ml/min.  14 
After 40 min at the studied temperature the furnace was immediately switched off and 15 
the quartz reactor containing the sample was pulled out of the furnace for cooling to room 16 
temperature with gas supply still maintaining the studied environment.  17 
The charcoals produced were analysed in order to determine their elemental composition 18 
and the High Heating Value (HHV). The HHV of the raw dry samples (about 0.5g of sample) 19 
was measured by an e2k combustion calorimeter. All the analyses performed were triplicated 20 
and the results given correspond to the average of the values obtained. 21 
3 Results and discussion 22 
A TGA-FTIR was used in order to investigate the influence of CO2 on the torrefaction mechanisms 23 
and to determine the optimum temperature resulting in an increase in the heating value and a 24 
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reduction of nitrogen and sulphur pollutants precursors on the charcoal. The TGA-FTIR results for the 1 
torrefaction experiments under N2 and under CO2, at different temperatures are presented and 2 
compared in the following sections. 3 
3.1 Influence of torrefaction temperature 4 
The influence of the torrefaction temperature (Tt) on the weight loss (% mass and derivative) of 5 
samples can be observed in Fig. 1.  The derivative of the weight loss (DTG) results during the N2-6 
torrefaction of sewage sludge samples at Tc=230, 280, 330, 380, 430 and 480 °C, with a heating rate 7 
of 20°C/min and rt=15 min, is presented in Fig. 1(A). The combustion behaviour of the charcoals 8 
produced and of the raw sewage sludge is presented in Fig. 1(B). The results concerning the gas 9 
analysis during the N2-torrefaction experiments at 230, 280, 330, 380, 430 and 480
o
C and during the 10 
combustion test are presented in Fig. 2. Finally, the total weight loss and total production of gaseous 11 
compounds obtained by mathematical integration of DTG and FTIR results is presented in Table 2. 12 
 13 
Figure 1: Influence of torrefaction temperature (230, 280,330, 380, 430, 480°C) during A) N2-torrefaction 14 
and B) combustion of charcoals produced by N2-torrefaction. 15 
The final weight after N2-torrefaction was between 88 and 46% of the initial mass, for torrefaction at 16 
230 and 480°C, respectively (Fig. 1A and Table 2). As expected, the DTG curves during the 17 
torrefaction experiments followed the same pattern until the studied torrefaction temperature. Thus, 18 
those curves can be perfectly superimposed.  19 
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The weight loss of sewage sludge corresponds, as reported in literature [25, 26], to the moisture loss 1 
during drying (50-200ºC), the decomposition of biodegradable organic matter and organic polymers 2 
(200-400ºC) and the degradation of non-biodegradable organic matter (>400 ºC).  3 
The combustion behaviour of sewage sludge charcoal was completely dependent on the torrefaction 4 
temperature (Fig. 1B and Table 2). The lower the torrefaction temperature, the higher the weight loss 5 
during combustion. These magnitudes were complementary and, after the combustion experiments, 6 
any significant difference in the final weight loss of samples was appreciable. The raw sewage sludge 7 
and the charcoals produced at 230 and 280°C presented two weight loss sections during combustion 8 
(one peak at temperatures below 400
o
C and the other at temperatures above 400
o
C) corresponding to 9 
the conversion of the remaining organic matter and the fixed carbon. The second section was very 10 
similar for these samples (SS and N2-charcoals at 230 and 280
o
C), however, the size of the first 11 
section peak decreased with the torrefaction temperature. Charcoals produced at higher temperature 12 
(330, 380, 430 and 480°C) presented only one weight loss peak during their combustion, since most 13 
of the organic matter was converted during the torrefaction step. The size of this peak also decreased 14 
with the torrefaction temperature. 15 
Similarly to the DTG results, the kinetics of gas production (FTIR results presented in Fig. 2) during 16 
the torrefaction test were very similar until the studied temperature was reached, thus independent of 17 
the studied temperature. A higher torrefaction temperature involved a higher gas production, due to 18 
the higher solid conversions (Table 2). For all the studied compounds, a higher torrefaction 19 
temperature involved a higher release during the torrefaction experiments, and a consequent lower 20 
release during combustion experiments. For instance, the release of NH3 and COS during the 21 
combustion of raw sewage sludge was around 22.6 and 49.1 abs. units, respectively. The NH3 release 22 
was a 7.5, 37.2, 46, 59.7, 81.4 and 97.8% lower during the combustion of charcoal produced at 230, 23 
280, 330, 380, 430 and 480
o
C, respectively, under N2 atmosphere.  The COS release was a 9.4, 26.5, 24 
52.6, 65, 79 and 93.9% lower during the combustion of charcoal produced at 230, 280, 330, 380, 430 25 
and 480
o
C, respectively, under N2 atmosphere.  The SO2 produced during combustion was reduced by 26 
over 89% by N2-torrefaction at Tt over 330
o
C.  27 
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Figure 2:  CO2, H2O, CO, CH4, NH3, COS, SO2 and C2H6 production during the N2-torrefaction at 230, 280, 330, 380, 430, 480
o
C of dried sewage sludge and during 
the combustion at 900
o
C of the solids remaining and of dried sewage sludge ( --SS ). 
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Table 2: Total weight loss and time integrated gaseous compound production produced during experiments N2-torrefaction at 230, 280, 330, 380, 430, 480 
o
C of dried 
sewage sludge and during the combustion at 900
o
C of the solids remaining and of dried sewage sludge. 
Torrefaction 
Temperatures 
Stage Units SS error 
 (%) 
230 oC error  
(%) 
280 oC error  
(%) 
330 oC error  
(%) 
380 oC error  
(%) 
430 oC error  
(%) 
480 oC error  
(%) 
Weight loss Torrefaction %   12.2 0.72 22.9 1.92 33.7 0.11 40.3 1.54 47.6 0.31 53.5 0.16 
 Combustion % 56.2 1.40 44.0 0.41 33.1 1.45 22.2 1.00 15.6 4.12 8.3 3.60 3.0 4.38 
 Total % 56.2 1.40 56.3 0.32 56.0 0.86 56.0 0.40 55.9 1.15 55.9 0.54 56.4 0.23 
CO2 Torrefaction Abs.   5.7 67.5 62.4 43.0 283.3 7.4 361.6 17.2 523.5 7.4 578.5 14.7 
 Combustion Abs. 628.2 3.5 604.8 6.2 588.7 15.9 503.0 5.9 361.3 16.4 216.6 31.9 86.4 36.1 
 Total Abs. 628.2 3.5 610.5 6.8 651.1 18.5 786.3 6.4 722.9 16.8 740.1 14.6 664.9 17.5 
H2O Torrefaction Abs.   43.6 25.2 98.2 12.5 165.0 11.5 189.3 9.2 216.4 9.5 217.7 15.6 
 Combustion Abs. 200.8 11.8 162.2 6.3 92.9 9.9 28.2 19.4 15.3 22.1 6.8 54.9 0.0 0.0 
 Total Abs. 200.8 11.8 205.8 10.3 191.1 11.2 193.3 12.6 204.5 10.1 223.3 10.9 217.7 15.6 
CO Torrefaction Abs.   0.0 0.0 16.3 21.5 54.6 3.3 68.7 9.4 97.3 4.0 119.2 13.7 
 Combustion Abs. 101.9 3.8 101.7 4.6 96.5 5.7 77.8 5.4 47.1 17.4 35.6 21.7 9.4 51.8 
 Total Abs. 101.9 3.8 101.7 4.6 112.8 8.0 132.5 4.5 115.8 12.6 132.9 8.7 128.6 16.5 
CH4 Torrefaction Abs.   0.5 44.4 0.6 154.8 4.2 32.2 7.1 35.7 6.1 34.8 11.3 29.8 
 Combustion Abs. 9.4 8.1 8.8 14.2 8.5 14.0 3.9 13.5 3.4 35.0 1.7 78.5 1.3 93.4 
 Total Abs. 9.4 8.1 9.2 15.7 9.1 23.4 8.1 23.2 10.5 35.5 7.7 44.3 12.6 36.1 
C2H6 Torrefaction Abs.   0.7 30.8 5.4 16.0 8.2 6.2 8.7 27.0 10.0 16.6 8.9 21.3 
 Combustion Abs. 9.8 12.2 6.6 18.6 1.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
 Total Abs. 9.8 12.2 7.3 19.8 6.8 12.9 8.2 6.2 8.7 27.0 10.0 16.6 8.9 21.3 
NH3 Torrefaction Abs.   0.0 50.0 5.4 31.5 12.7 6.7 14.4 11.5 19.8 6.1 20.9 24.7 
 Combustion Abs. 22.6 13.1 20.9 7.4 14.2 12.0 12.2 5.8 9.1 21.8 4.2 13.7 0.5 78.8 
 Total Abs. 22.6 13.1 21.0 7.4 19.7 17.4 24.9 6.2 23.5 15.5 24.0 7.4 21.3 25.9 
SO2 Torrefaction Abs.   2.1 36.8 5.9 55.5 13.9 11.9 14.6 25.3 14.8 9.9 19.6 22.9 
 Combustion Abs. 20.3 13.8 15.4 8.8 4.7 17.8 1.8 13.1 0.5 72.4 0.0 0.0 1.6 31.6 
 Total Abs. 20.3 13.8 17.5 12.2 10.6 38.7 15.6 12.0 15.1 26.8 14.8 9.9 21.1 23.6 
COS Torrefaction Abs.   0.0 0.0 5.3 60.0 25.6 28.4 25.8 20.5 34.8 13.4 34.9 30.0 
 Combustion Abs. 49.1 3.5 44.5 6.1 36.1 9.0 23.3 11.3 17.2 23.2 10.3 54.2 3.0 46.5 
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 Total Abs. 49.1 3.5 44.5 6.1 41.4 15.6 48.9 20.3 43.0 21.6 45.1 28.5 37.9 31.3 
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3.2 Influence of the torrefaction atmosphere 1 
Fig. 3 compares the DTG curves obtained under N2- and CO2-torrefaction experiments, followed by 2 
the combustion experiments. The total weight loss during N2 and CO2-torrefaction and the subsequent 3 
combustion is presented in Fig. 4. The gas produced during the combustion of raw sewage sludge and 4 
charcoals produced by N2- and CO2-torrefaction can be compared on Fig. 5. Only the gas produced 5 
during the combustion experiments is presented here. It should be noted that the FTIR is very sensible 6 
to CO2 and its abundant presence during the CO2-torrefaction experiments results in poor quality data 7 
due to high noise. Finally, Table 3 shows the time integrated production of different gas compounds 8 
detected during the combustion of CO2 and N2-charcoals and sewage sludge. 9 
The CO2 reactivity slightly accelerated the weight loss during torrefaction. In fact, as it can be 10 
observed in Fig. 3, the thermal behaviour of sewage sludge was similar during torrefaction 11 
experiments carried under N2 and under CO2. However, some small differences could be appreciated. 12 
For instance, when torrefaction was performed at 330, 380 and 430°C in N2 atmosphere the DTG 13 
reached a peak at about 305±1°C of 1.10±0.3 mg/min. When torrefaction was performed at the same 14 
temperatures (330, 380 and 430°C) in CO2 atmosphere the DTG reached a peak at about 298±1°C of 15 
1.24±0.3 mg/min. Given the excellent reproducibility of these experiments (3 repetitions), the small 16 
differences here mentioned are non-negligible and can be attributed to the torrefaction atmosphere.  17 
However, compared with the results presented in the literature about the CO2-torrefaction of biomass 18 
[13, 14], these results on sewage sludge were less conclusive, which can be due to the differences in 19 
the raw material or to the lower % vol of CO2 in the atmospheric gas used in the experiments here 20 
presented. Nevertheless, from the results here presented it can be concluded that, despite the low 21 
temperatures used during torrefaction, CO2 behaves to a small degree as a reactive gas, increasing the 22 
weight loss rate and shifting the characteristic degradation peak to a lower temperature (around 7 
o
C 23 
lower).  24 
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It should be noted that, despite the differences in the DTG results, the final weight loss after 1 
torrefaction was very similar for the two studied atmospheres (Fig. 5). Thus, the residence time of 15 2 
minutes compensated for the differences observed in the torrefaction kinetics. 3 
The charcoals produced under CO2 exhibited a less reactive behaviour. This can be observed on their 4 
DTG of combustion (Fig. 3) which exhibited a shift to higher temperatures for those charcoals. For 5 
instance, the CO2-charcoals produced at 230, 280, 330, 380 and 430ºC exhibited combustion peaks at 6 
550, 530, 495, 500 and 525 ºC, respectively.   Those peaks appeared at 520, 510, 490, 490 and 510
o
C 7 
for the N2-charcoals (30, 20, 5, 10 and 15
o
C below).  8 
The gas produced during the combustion of the CO2-and N2-charcoals presented some considerable 9 
differences (Fig. 5 and Table 3). On one side, the production of CO2, SO2 and NH3 was higher for the 10 
CO2-charcoals than for the N2-charcoals. For instance, the SO2 production was reduced from 18 and 11 
15.4 a.u for the charcoal produced under N2 instead of CO2 at 230
o
C, from 10.2 to 4.7 at 280
o
C and 12 
from 3.2 to 1.8 at 330
o
C. On the other side, the COS release was higher for the CO2-charcoals 13 
produced at 230, 280 and 330
o
C, but at temperatures above 380
o
C the use of CO2 during the charcoal 14 
production reduced the COS released during its combustion. This can be appreciated in the FTIR 15 
results (Fig. 5) as well as the time integrated gas production (Table 1). Finally, the N2-charcoals 16 
produced overall more CO, H2O and CH4. Only the C2H6 seemed to be produced at the same amounts 17 
for the two types of charcoals. Globally, the sewage sludge gas production during combustion was 18 
higher for most of the compounds analysed compared with the charcoals gas production.  19 
Overall, the results here presented prove that, despite the low temperatures, CO2 can influence the 20 
torrefaction mechanisms and the properties of the sewage sludge charcoals produced. CO2-21 
torrefaction may even lead to a different pollutant production during the subsequent thermal 22 
valorisation. 23 
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Figure 3: DTG curves obtained during the torrefaction-combustion experiments with sewage sludge. The torrefaction was performed under N2 and CO2 (75%vol) 
at different temperatures (230, 280, 330, 380, 430, 480
o
C) 
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Figure 4: Comparison of the total weight loss during N2- and CO2-torrefaction experiments at 230, 280, 330, 380, 430 and 480
o
C, and during the subsequent 
combustion of charcoals produced. 
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Figure 5: FTIR results during the combustion of sewage sludge (—), charcoals produced by N2-torrefaction (--) and charcoals produced by CO2-torrefaction (…) 
at 230, 280, 330, 380, 430 and 480
o
C. 
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Table 3: Time integrated gaseous compound production produced during the combustion CO2- and N2-charcoals as well as sewage sludge (SS). 
Torrefaction 
temperature 
230 oC error 
(%) 
280 oC error 
(%) 
330 oC error 
(%) 
380 oC error 
(%) 
430 oC error 
(%) 
480 oC error 
(%) 
SS error 
(%) 
H2O CO2-torref. 139.6 8.2 64.7 17.3 16.0 20.2 7.8 26.6 5.5 34.3 0.2 0.0 200.8 11.8 
 
N2-torref. 162.2 6.3 92.9 9.9 28.2 19.4 15.3 22.1 6.8 54.9 0.0 0.0 
CO CO2-torref. 102.8 4.5 99.4 7.7 67.7 18.0 40.5 20.2 18.9 28.0 9.0 110.1 101.9 3.8 
 
N2-torref. 101.7 4.6 96.5 5.7 77.8 5.4 47.1 17.4 35.6 21.7 9.4 51.8 
CH4 CO2-torref. 5.0 15.1 4.5 22.2 2.3 28.4 1.1 28.4 1.0 42.3 0.0 0.0 9.4 8.1 
 
N2-torref. 8.8 14.2 8.5 14.0 3.9 13.5 3.4 35.0 1.7 78.5 1.3 93.4 
C2H6 CO2-torref. 6.3 14.8 0.9 40.4 0.0 137.1 0.0 110.3 0.0 50.2 0.1 285.0 9.8 12.2 
 
N2-torref. 6.6 18.6 1.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
SO2 CO2-torref. 18.0 6.2 10.2 17.7 3.2 93.6 2.6 90.0 0.0 0.0 0.0 0.0 20.3 13.8 
 
N2-torref. 15.4 8.8 4.7 17.8 1.8 13.1 0.5 72.4 0.0 0.0 1.6 31.6 
COS CO2-torref. 46.7 5.6 38.3 7.3 25.1 10.9 14.8 39.8 3.6 180.0 0.2 455.5 49.1 3.5 
 
N2-torref. 44.5 6.1 36.1 9.0 23.3 11.3 17.2 23.2 10.3 106.9 3.0 46.5 
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3.3 Laboratory scale experiments 1 
The weight loss of sewage sludge samples during the laboratory scale furnace experiments and 2 
the results of the analyses performed on the charcoals obtained are given in Fig. 6. As expected the 3 
weight loss increased with the temperature. This increase was similar to the increase observed during 4 
the TGA-FTIR experiments (Fig. 4). For instance, between 280 and 320ºC the weight loss was 5 
between 22 and 32% of mass and between 380 and 420ºC the weight loss was between 40 and 45%. 6 
Given the importance of the error bars for the laboratory scale experiments, any significant influence 7 
of CO2 during these experiments was appreciated. Besides, the long residence time during these 8 
experiments (40 minutes) ensures the total conversion of the solid and allow excluding the mass 9 
transfer limitation effects when interpreting the results. 10 
The HHV decreased continuously with the temperature from 12 to 8 MJ/kg of charcoal. This can be 11 
related to the lower carbon content which was reduced from 28 to 20% mass content. Meanwhile, the 12 
nitrogen and sulphur content also decreased with the temperature, as observed during the TGA-FTIR 13 
experiments. In the case of nitrogen this decrease was especially pronounced when the charcoal was 14 
treated at temperatures above 400ºC, with a reduction of 40%. For instance, the samples obtained after 15 
torrefaction at 400ºC reduced their content on nitrogen and sulphur to around 2.1 and 0.6% 16 
respectively, while maintaining a carbon content around 21% and a HHV of around 8.5 MJ/kg. This 17 
HHV is low compared with traditional charcoals but the content on pollutant precursors is reduced 18 
promoting the valorisation of this waste. 19 
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 20 
Figure 6: Weight loss (in % mass), High Heating Value (HHV in MJ/kg) and C,H, N, S content of the 21 
charcoals produced in the laboratory scale furnace. 22 
 23 
4 Conclusions 24 
This work focused on the torrefaction of sewage sludge under N2 and CO2 at different temperatures. A 25 
TGA-FTIR analyser and a laboratory furnance were used to compare torrefaction experiments as well 26 
as combustion of the charcoal produced, in order to analyse their thermal behaviour and analyse the 27 
gas produced. The two main conclusions regarding the results here presented are: 28 
 The torrefaction temperature influences strongly the charcoals combustion behavior. 29 
Particularly, it has a great impact on the release of N-and S-compounds during the subsequent 30 
thermal treatment. In fact, the release of NH3, COS and SO2 during combustion was reduced 31 
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by about 50% for a torrefaction temperature of 300
o
C and to a negligible amount for higher 32 
temperatures. 33 
 The CO2 has a reactive behavior during the torrefaction of sewage sludge, despite the low 34 
temperatures (<500
o
C). The influence of the atmosphere was small when compared with the 35 
influence of torrefaction temperature. The CO2 influence on the weight loss kinetics is 36 
counteracted by the residence time, and it could not be appreciated in the laboratory scale 37 
furnace experiments. 38 
To conclude, in the specific case of sewage sludge a higher temperature might be the 39 
recommended option in order to avoid the pollutant concerns during the subsequent thermal 40 
process of the charcoal. However this option penalised the fuel upgrade in terms of carbon content 41 
and high heating value. Overall, the CO2-torrefaction appears as a feasible alternative allowing for 42 
the valorisation of waste and CO2, without any significant penalisation when compared to N2-43 
torrefaction. 44 
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Table 1: Proximate, elementary, specific heat capacity and XRF chemical (elements detected are 
expressed in their oxide form, and related to all the elements detected) analysis of sewage sludge. 
 Proximate analysis (wt % d.m.) Elementary analysis (wt % d.m.) HHV (MJ/kg) 
 Organic matter Ash C H N S  
 
     57 
 
43 26.6 4.11 3.3 1.06 11.43. 
Oxide % mass Oxide % mass Oxide % mass Oxide % mass 
SiO2 37.94 MgO 2.04 Cl 0.37 NiO 0.06 
P2O5 14.19 K2O 1.65 Cr2O3 0.23 ZrO2 0.06 
Al2O3 12.02 ZnO 1.41 CuO 0.15 SnO2 0.03 
CaO 11.48 TiO2 1.19 BaO 0.15 Br 0.02 
Fe2O3 10.78 MnO 0.53 PbO 0.09   
SO3 5.10 Na2O 0.39 SrO 0.07   
 
Table 1
Table 2: Total weight loss and time integrated gaseous compound production produced during experiments N2-torrefaction at 230, 280, 330, 380, 430, 480 
o
C of dried sewage 
sludge and during the combustion at 900
o
C of the solids remaining and of dried sewage sludge. 
Torrefaction 
Temperatures 
Stage Units SS error 
 (%) 
230 oC error  
(%) 
280 oC error  
(%) 
330 oC error  
(%) 
380 oC error  
(%) 
430 oC error  
(%) 
480 oC error  
(%) 
Weight loss Torrefaction %   12.2 0.72 22.9 1.92 33.7 0.11 40.3 1.54 47.6 0.31 53.5 0.16 
 Combustion % 56.2 1.40 44.0 0.41 33.1 1.45 22.2 1.00 15.6 4.12 8.3 3.60 3.0 4.38 
 Total % 56.2 1.40 56.3 0.32 56.0 0.86 56.0 0.40 55.9 1.15 55.9 0.54 56.4 0.23 
CO2 Torrefaction Abs.   5.7 67.5 62.4 43.0 283.3 7.4 361.6 17.2 523.5 7.4 578.5 14.7 
 Combustion Abs. 628.2 3.5 604.8 6.2 588.7 15.9 503.0 5.9 361.3 16.4 216.6 31.9 86.4 36.1 
 Total Abs. 628.2 3.5 610.5 6.8 651.1 18.5 786.3 6.4 722.9 16.8 740.1 14.6 664.9 17.5 
H2O Torrefaction Abs.   43.6 25.2 98.2 12.5 165.0 11.5 189.3 9.2 216.4 9.5 217.7 15.6 
 Combustion Abs. 200.8 11.8 162.2 6.3 92.9 9.9 28.2 19.4 15.3 22.1 6.8 54.9 0.0 0.0 
 Total Abs. 200.8 11.8 205.8 10.3 191.1 11.2 193.3 12.6 204.5 10.1 223.3 10.9 217.7 15.6 
CO Torrefaction Abs.   0.0 0.0 16.3 21.5 54.6 3.3 68.7 9.4 97.3 4.0 119.2 13.7 
 Combustion Abs. 101.9 3.8 101.7 4.6 96.5 5.7 77.8 5.4 47.1 17.4 35.6 21.7 9.4 51.8 
 Total Abs. 101.9 3.8 101.7 4.6 112.8 8.0 132.5 4.5 115.8 12.6 132.9 8.7 128.6 16.5 
CH4 Torrefaction Abs.   0.5 44.4 0.6 154.8 4.2 32.2 7.1 35.7 6.1 34.8 11.3 29.8 
 Combustion Abs. 9.4 8.1 8.8 14.2 8.5 14.0 3.9 13.5 3.4 35.0 1.7 78.5 1.3 93.4 
 Total Abs. 9.4 8.1 9.2 15.7 9.1 23.4 8.1 23.2 10.5 35.5 7.7 44.3 12.6 36.1 
C2H6 Torrefaction Abs.   0.7 30.8 5.4 16.0 8.2 6.2 8.7 27.0 10.0 16.6 8.9 21.3 
 Combustion Abs. 9.8 12.2 6.6 18.6 1.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
 Total Abs. 9.8 12.2 7.3 19.8 6.8 12.9 8.2 6.2 8.7 27.0 10.0 16.6 8.9 21.3 
NH3 Torrefaction Abs.   0.0 50.0 5.4 31.5 12.7 6.7 14.4 11.5 19.8 6.1 20.9 24.7 
 Combustion Abs. 22.6 13.1 20.9 7.4 14.2 12.0 12.2 5.8 9.1 21.8 4.2 13.7 0.5 78.8 
 Total Abs. 22.6 13.1 21.0 7.4 19.7 17.4 24.9 6.2 23.5 15.5 24.0 7.4 21.3 25.9 
SO2 Torrefaction Abs.   2.1 36.8 5.9 55.5 13.9 11.9 14.6 25.3 14.8 9.9 19.6 22.9 
 Combustion Abs. 20.3 13.8 15.4 8.8 4.7 17.8 1.8 13.1 0.5 72.4 0.0 0.0 1.6 31.6 
Table 2
 Total Abs. 20.3 13.8 17.5 12.2 10.6 38.7 15.6 12.0 15.1 26.8 14.8 9.9 21.1 23.6 
COS Torrefaction Abs.   0.0 0.0 5.3 60.0 25.6 28.4 25.8 20.5 34.8 13.4 34.9 30.0 
 Combustion Abs. 49.1 3.5 44.5 6.1 36.1 9.0 23.3 11.3 17.2 23.2 10.3 54.2 3.0 46.5 
 Total Abs. 49.1 3.5 44.5 6.1 41.4 15.6 48.9 20.3 43.0 21.6 45.1 28.5 37.9 31.3 
 
Table 3: Time integrated gaseous compound production produced during the combustion CO2- and N2-charcoals as well as sewage sludge (SS),. 
Torrefaction 
temperature 
230 oC error 
(%) 
280 oC error 
(%) 
330 oC error 
(%) 
380 oC error 
(%) 
430 oC error 
(%) 
480 oC error 
(%) 
SS error 
(%) 
H2O CO2-torref. 139.6 8.2 64.7 17.3 16.0 20.2 7.8 26.6 5.5 34.3 0.2 0.0 200.8 11.8 
 
N2-torref. 162.2 6.3 92.9 9.9 28.2 19.4 15.3 22.1 6.8 54.9 0.0 0.0 
CO CO2-torref. 102.8 4.5 99.4 7.7 67.7 18.0 40.5 20.2 18.9 28.0 9.0 110.1 101.9 3.8 
 
N2-torref. 101.7 4.6 96.5 5.7 77.8 5.4 47.1 17.4 35.6 21.7 9.4 51.8 
CH4 CO2-torref. 5.0 15.1 4.5 22.2 2.3 28.4 1.1 28.4 1.0 42.3 0.0 0.0 9.4 8.1 
 
N2-torref. 8.8 14.2 8.5 14.0 3.9 13.5 3.4 35.0 1.7 78.5 1.3 93.4 
C2H6 CO2-torref. 6.3 14.8 0.9 40.4 0.0 137.1 0.0 110.3 0.0 50.2 0.1 285.0 9.8 12.2 
 
N2-torref. 6.6 18.6 1.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
SO2 CO2-torref. 18.0 6.2 10.2 17.7 3.2 93.6 2.6 90.0 0.0 0.0 0.0 0.0 20.3 13.8 
 
N2-torref. 15.4 8.8 4.7 17.8 1.8 13.1 0.5 72.4 0.0 0.0 1.6 31.6 
COS CO2-torref. 46.7 5.6 38.3 7.3 25.1 10.9 14.8 39.8 3.6 180.0 0.2 455.5 49.1 3.5 
 
N2-torref. 44.5 6.1 36.1 9.0 23.3 11.3 17.2 23.2 10.3 106.9 3.0 46.5 
 
Table 3
